The reconstruction of musculoskeletal defects is a constant challenge for orthopaedic surgeons. Musculoskeletal injuries such as fractures, chondral lesions, infections and tumor debulking can often lead to large tissue voids requiring reconstruction with tissue grafts. Autografts are currently the gold standard in orthopaedic tissue reconstruction; however, there is a limit to the amount of tissue that can be harvested before compromising the donor site. Tissue engineering strategies using allogeneic or xenogeneic decellularized bone, cartilage, skeletal muscle, tendon and ligament have emerged as promising potential alternative treatment. The extracellular matrix provides a natural scaffold for cell attachment, proliferation and differentiation. Decellularization of in vitro cell-derived matrices can also enable the generation of autologous constructs from tissue specific cells or progenitor cells. Although decellularized bone tissue is widely used clinically in orthopaedic applications, the exciting potential of decellularized cartilage, skeletal muscle, tendon and ligament cell-derived matrices has only recently begun to be explored for ultimate translation to the orthopaedic clinic.
Introduction
Orthopaedic injuries and degenerative diseases are common reasons for emergency room and office visits in the United States. There are more than 33 million orthopaedic injuries each year [1] . In the United States alone the estimated incidence of long bone fractures is about 1,500,000 per year [2] , anterior cruciate ligament (ACL) injuries affect more than 120,000 athletes every year [3] and worldwide estimates for symptomatic osteoarthritis are 9.6% of men and 18% of women greater than 60 years old of age [4] . Loss of musculoskeletal tissue and function can occur as a result of athletic or traumatic injuries, degenerative changes, infections or tumor resection in bone, cartilage, skeletal muscle or tendon and ligament. Occasionally these injuries may result in large boney non-unions or large tissue voids requiring repair with either autologous grafts or allografts. However, autologous and allogeneic grafting techniques each have their own benefits and disadvantages. Autologous grafts have a low risk of transmitting diseases, good histocompatibility and are non immunogenic [5] . Unfortunately, there is a limit to the quantity of autologous graft tissue that can be harvested before compromising the donor-site. Although allografts may eliminate donor-site morbidity and decrease operating time, they are associated with the risk of severe immune response, disease transmission and slower integration with native tissue compared to autologous grafts [5] . For these reasons, there is a growing interest in engineering musculoskeletal tissues that can avoid donor site complications, are available in large quantities and have good histocompatibility.
During the past decade, there has been increased interest in creating biological scaffolds composed of extracellular matrix (ECM) derived from the decellularization of tissues or organs. The use of decellularized ECM from donor tissue has been utilized in the repair of skin [6] , bladder [7] , heart valve [8] and small intestinal submucosa [9] . Furthermore, several commercialized decellularized scaffolds have received FDA approval for use in humans, including dermis tissue (Alloderm®; LifeCell), porcine heart valves (Synergraft ® ; Cryolife) and porcine urinary bladder (Urinary bladder matrix; ACell) [10, 11] . In preclinical trials, decellularized scaffolds made from porcine small intestinal submucosa (SIS) have been used in orthopaedic surgical applications for repair of rotator cuff [12] , anterior cruciate ligament (ACL) [13, 14] and Achilles tendon [15] . Although tissue-derived biologic scaffolds are commonly used to repair non-homologous anatomic sites, studies of skeletal muscle and liver tissue engineering have suggested that biologic scaffolds derived from site-specific homologous tissues may be better suited for constructive tissue remodeling than non-site specific tissue sources [16, 17] . This has motivated the development of orthopaedic tissue engineering strategies that utilize biologic scaffolds derived from specific homologous orthopaedic tissues.
ECM components differ between bone, cartilage, skeletal muscle, ligament and tendon. The use of homologous orthopaedic tissues as scaffolds for tissue engineering would provide tissue-specific ECM compositions, which can influence the behavior of resident and/or transplanted cells. ECM is a product of cells that functions to maintain tissue and organ structure, organization and function. It is a complex network of proteins and polysaccharides forming an intricate meshwork within tissue that interacts with the resident cells to regulate cell behavior, such as migration, proliferation and differentiation. The ECM exists in a state of dynamic equilibrium with its resident cells and is constantly being built, reshaped and degraded in response to changing environmental conditions and to cellular, tissue and organ demands [18] . Musculoskeletal tissues require proper organization of resident cells and ECM to withstand loads and produce adequate forces for everyday activities. Decellularized tissue explants may provide a naturally occurring three-dimensional scaffold with tissuespecific orientations of ECM molecules that are not easily created synthetically in the laboratory. This manuscript provides an overview of biological scaffolds created from decellularized ECM of musculoskeletal tissues and in vitro cell-derived matrices and their use in in vitro and in vivo applications of tissue engineering.
ECM immunogenicity
The decellularization process is crucial for eliminating cellular components and antigenicity from tissue explants in order to avoid disease transmission, reduce inflammatory and immune responses toward the scaffold and decrease the risk of rejection after implantation, particularly with xenogeneic or allogeneic donor tissues [9] . Unlike cellular material, ECM components are predominantly conserved among species and are therefore well tolerated when used as allografts or xenografts [19] [20] [21] . The ideal decellularization technique would remove cellular remnants without the destruction of the original tissue architecture or the removal of ECM components, and thus maintaining the mechanical properties of the natural ECM.
DNA and the cell surface oligosaccharide molecule α-Gal (Galα1,3-Galβ1-4GlcNAc-R) also known as "Gal epitope" are two common antigens known to trigger an inflammatory response against biological scaffolds [22] . In most tissues, cells are embedded within a dense ECM making it difficult for complete removal of cellular material. In fact, most commercially available decellularized biological scaffold material, such as Restore ™ , GraftJacket ™ , and TissueMend ™ , contain trace amount of remnant DNA that are less than 300 bp in length [23] [24] [25] . Although the majority of the commercially available biologic scaffolds contain DNA remnants, the clinical efficacy of these scaffolds has been largely positive [22] . Therefore, the small amount of DNA remaining may not be enough to elicit an immune response or adversely affect the remodeling process. There may be a threshold amount of cellular material that is required to trigger a severe immune response, and further studies are needed to determine this threshold.
Gal epitopes are cell surface molecules that are commonly found in most species except humans and Old World monkeys due to mutations in the α1,3-galactosyl-transferase gene [22] . As a result of the lack of Gal epitopes, humans produce a large amount of anti-Gal antibodies due to constant exposure to intestinal bacteria carrying Gal epitopes [22] . This is particularly important when creating decellularized biological scaffolds using xenografts for human implantation. Gal epitopes have been found in porcine ACL [26] , cartilage [27] , SIS-ECM [28] and bioprosthetic heart valves [29] . Konakci et al. demonstrated that patients receiving porcine bioprosthetic heart valves have a xenograft-specific immune response with elevated levels of cytotoxic IgM antibodies directed against α-Gal. The authors speculate that this may contribute to the failure of the tissue in some patients [29] . Treatment of xenogeneic tissues with α-galactosidase to remove Gal epitopes has been shown to minimize adverse immune responses to biologic scaffolds [26, 27] . Stone et al. implanted α-galactosidase treated porcine meniscus and articular cartilage into the suprapatellar pouch of cynomolgus monkeys and found a significant reduction in T lymphocytes at the site of remodeling compared to untreated grafts [27] . Similarly, α-galactosidase treated porcine patellar tendon grafts, untreated porcine tendon grafts or allografts were used for ACL reconstruction in rhesus monkeys. Untreated porcine grafts were resorbed and rejected while treated porcine grafts and allografts were incorporated by the hosts with gradual host cell infiltration and remodeling [30] . makes up the inorganic phase of bone and together with the organic matrix create a rigid material with the mechanical properties necessary to withstand the forces of normal daily activities [44] .
Cells that reside in bone originate from two cell lineages: the mesenchymal stem cell lineage, which includes preosteoblasts, osteoblasts and osteocytes, and the hematopoietic stem cell lineage, which includes monocytes, preosteoclasts and osteoclasts [39] . Preosteoblasts are undifferentiated mesenchymal cells that can differentiate into osteoblasts when stimulated, such as during bone repair [39] . Osteoblasts are responsible for the synthesis and secretion of organic matrix as well as matrix mineralization [39] . Osteocytes make up 90% of cells in the mature skeleton and are derived from osteoblasts. Osteoclasts function in bone resorption and are important in bone turnover and remodeling [39] .
Tissue-derived decellularized bone ECM
Decellularized bone has been widely used as a scaffold for bone tissue engineering due to its three-dimensional (3D) structure and similarity to the native bone matrix as well as its osteoinductive and biomechanical properties. Various 3D scaffolds made from synthetic polymers, metals and ceramics have been shown to promote osteogenic differentiation of mesenchymal stem cells (MSC) [45] [46] [47] and embryonic stem cells (ESC) [48, 49] , however, these synthetic scaffolds do not contain the ECM components and organization found naturally in bone matrix. On the other hand, decellularized bone contains natural ECM which provides cells with structural support, cell-matrix interactions and exposure to growth factors and cytokines that are naturally stored within bone matrix to guide bone tissue formation [50, 51] .
Demineralized bone matrix (DBM) is an allogeneic bone graft material commonly used in orthopaedic surgery for filling in boney defects after fractures or tumor debulking, strengthening of arthrodesis and spinal fusion due to its compositional, structural and functional similarities to autologous bone [52] . Currently there are at least eight manufacturers with approximately 25 different DBM products on the market. DBM products are available in different forms, such as powder, putty, chips or gel-filled syringes [52] . The processes utilized for demineralizing allogeneic bone also simultaneously decellularize the bone. The general DBM preparation involves removal of soft tissue, blood and lipids, follow by antibiotic soaks, acid demineralization and several rounds of freeze-drying [53] . The end product is a composite of collagens type I, IV and X, as well as non-collagenous proteins which provide an osteoconductive matrix. The presence of growth factors such as bone morphogenetic proteins (BMPs) and transforming growth factor-beta 1, 2, and 3 endows it with osteoinductive properties [53] .
A number of in vitro studies have demonstrated the potential of DBM to stimulate osteogenesis in human MSC [54] , adipose derived stem cells (ASC) [55] and periosteal cells [56, 57] . Clinically, DBM constructs have been successfully used in reconstruction of phalangeal and metacarpal defects following enchondroma and congenital hand deformities [58] . The use of DBM, as opposed to autografted tissue, reduced operative time, donor site morbidity and tourniquet time. Similarly, Michelson et al. demonstrated that using DBM for subtalar fusions and triple arthrodesis resulted in similar outcomes as iliac crest bone graft without the increased blood loss, cost and postoperative pain associated with iliac crest bone harvest [59] . Although DBM generally appears to be an attractive bone graft material, the amount of osteogenic activity of a particular DBM preparation is dependent upon specific donor characteristics such as age, gender and lifestyle habits [60] . Additionally, the osteogenic activity of commercially available DBM depends on the method of its preparation and the carrier in which the DBM is mixed [61] . The preparation of DBM particles may also affect host cell viability. For instance, DBM particles mixed with a glycerol carrier are very acidic and can be detrimental to host cells, while DBM particles mixed with hyaluronic acid are less harmful to host cells [62] .
Similar to DBM, decellularized bone matrixes that are not demineralized have the potential to be used as bone grafts. Studies suggest that these bone matrixes can also have osteogenic effects on progenitor cells. Hashimoto et al. compared MSC differentiation on 3D decellularized bone tissue to that on a two-dimensional tissue culture polystyrene (TCPS) dish and found that alkaline phosphatase (ALP) activity, an early marker for osteogenesis, was significantly elevated in the MSC grown in the decellularized bone matrix [63] . Even in the absence of dexamethasone, a common osteogenic factor, MSC in decellularized bone had more ALP activity as determined biochemically and via staining than cells grown on TCPS, suggesting that decellularized bone matrix favorably promotes early osteogenic differentiation of MSC. Additionally, subcutaneous implantation of decellularized bone matrix into rats demonstrated cell infiltration with neovascularization after 6 months. Growth factors and various ECM components such as fibronectin, heparin sulfate, dermatan sulfate, chondroitin sulfate and hyaluronic acid, are believed to still be present and remain at least partially active even after decellularization and could contribute to the osteogenic differentiation of MSC [63] [64] [65] .
In addition to ECM components, the internal architecture of decellularized bone, such as scaffold porosity and pore size can affect cell growth, signaling and differentiation [66] . In an interesting study by Marcos-Campos et al. the authors compared osteogenesis of mesenchymal progenitors derived from human ESC in decellularized bone of different densities [67] . The density of each cylindrical-shaped scaffold was calculated based on the measured weight and the volume of each scaffold. The decellularized bone scaffolds were divided into three different groups: low density (0.281 ± 0.018 mg/mm 3 ), medium density (0.434 ± 0.015 mg/mm 3 ) and high density (0.618 ± 0.027 mg/mm 3 ). Pore size and porosity decreased with increasing bone density while compressive elastic modulus increased with increasing bone density. After five weeks in culture, the medium density group cultured with mesenchymal progenitor cells showed the highest concentration of live cells and bone matrix formation in the inner regions of the constructs [66] . These findings suggest that decellularized bone scaffolds of medium density (0.434 ± 0.015 mg/mm 3 ) may be best suited for bone tissue engineering due to a balance in nutrient transport, cell attachment, cell infiltration and proliferation, matrix production, and scaffold mechanical strength.
Decellularized bone matrix has been found to support and guide the osteogenic differentiation of MSC [63] , ESC [67, 68] , induced pluripotent stem cells [69] and ASC [35] . In past studies, use of human ESC yielded limited bone formation and was usually accompanied by the formation of teratomas in two dimensional cultures [70] . Marolt et al. demonstrated that human ESC-derived mesenchymal progenitor cells cultured in decellularized trabecular bone in a perfusion bioreactor lead to bone formation with significantly elevated ALP activity and osteopontin release compared to static cultures. Nevertheless, they were comparable to human bone marrow-derived MSC cultured in decellularized trabecular bone in a perfusion bioreactor ( Figure 1A , B, C) [68] . Additionally, histological findings further corroborated the biochemical assays, demonstrating denser tissue deposition in constructs incubated in a bioreactor compared to static cultures after 5 weeks of culture with positive staining for osteocalcin, collagen (Masson's Trichrome stain), and osteoid (Goldner's Trichrome stain) ( Figure 1D ) [68] . Furthermore, there was no sign of teratoma formation in any of the constructs.
Decellularized bone may perhaps direct the osteogenic differentiation of mesenchymal progenitor cells and prevent their differentiation into other cell types. Frohlich et al. induced human ASC to undergo osteogenesis when cultured in decellularized trabecular bone from bovine carpometacarpal joints [35] . After 5 weeks of culture, the constructs stained positive for bone sialoprotein and osteopontin by immunohistochemistry (IHC) and total collagen by Masson's Trichrome; all of these proteins are commonly found in mature bone ECM [35] .
Over the past decade, the use of bioreactors has become popular in tissue engineering, and may prove particularly useful for culture of tissue engineered bone constructs. Perfusion bioreactors can allow for medium perfusion through constructs that can enhance bone tissue formation by improving nutrient transfer and creating intrinsic shear stresses associated with medium flow [71] [72] [73] . The presence of shear forces have been shown to specifically influence the induction of osteoblastic differentiation in MSC [74] . Grayson et al. looked at human bone marrow-derived MSC growth and differentiation patterns in decellularized bovine trabecular bone with different medium perfusion rates (100 μms −1 and 400 μms −1 ) and found that higher rates led to more uniform cell distribution in the constructs with increased production of bone ECM proteins [75] . In a similar study, human ASC seeded in decellularized trabecular bone and cultured in perfusion bioreactors in the presence of osteogenic supplements formed viable bone tissue constructs with improved cell and bone matrix distribution throughout the constructs compared to similar constructs grown under static conditions [35] . In future studies, bioreactors may play an essential role in generating large bone constructs with uniform distribution of cells and matrix proteins.
Decellularized bone ECM scaffolds may be advantageous for bone reconstruction in clinical settings. There is often a need for anatomically shaped bone grafts, particularly in craniofacial reconstruction. Decellularized bone can be machined to form anatomically shaped bone scaffolds based on digitized medical images. Grayson et al. created decellularized bovine trabecular bone scaffolds resembling a temporomandibular joint (TMJ) condyle and seeded the scaffolds with human MSC in a bioreactor [76] . After 5 weeks in culture, there was evidence of lamellar bone formation observed on scanning electron microscopy photomicrographs, increased mineralized matrix volume as determined by microcomputer tomography and formation of osteoid with Masson's Trichrome staining [76] . Using this technology, viable bone grafts can be customized to treat specific patients and defects without the risk of donor site morbidity associated with autografts or disease transmission associated with allografts.
In a recently published case report, decellularized bovine trabecular bone discs cultured with patient-specific MSC in a perfusion culture chamber were used to treat a non-healing distal tibia fracture [77] . Callus formation around the graft and native bone was evident at six weeks after surgery. Histology from biopsies taken at six months showed active remodeling of the callus but not the graft. However, bone remodeling measurements based on radiodensity evaluated by PET/CT imaging suggested the presence of active bone formation in both the callus and the graft [77] . These studies demonstrate that cell-loaded decellularized bone grafts have promise for orthopaedic surgery applications. However, more animal and clinical studies are required to further assess the osteogenic activity and integration of cell-loaded decellularized bone grafts with the native bone in an in vivo environment, particularly with decellularized allografts or xenografts.
In vitro cell-derived decellularized bone ECM
Decellularized ECM derived from in vitro cultured cell constructs offers an alternative to decellularized whole-bone tissues for creating tissue engineered scaffolds. This technique enables the potential for the formation of autologous grafts without donor site morbidity and of predefined shapes and sizes. Cell-derived osteogenic ECM can be created in vitro using patient-specific cells such as MSC [79] [80] [81] [82] [83] [84] , fibroblasts [85] , chondrocytes [86] or osteoblasts [85] cultured in the presence of osteogenic media. Cell-derived ECM, in the absence of osteogenic growth factors or supplements, has been shown to facilitate expansion of mesenchymal colony forming units in vitro as well as preserve their stem cell properties [78] . Additionally, matrices derived from MSC have been shown to be osteoconductive for calvarial bone healing. Zeitouni et al. repaired mouse calvaria defects with decellularized human MSC-derived ECM reseeded with human MSC pretreated with GW9662, a small molecule that directs stem cells towards osteogenesis [81] . Cell-seeded decellularized ECM resulted in 80-100% bone healing after 3 weeks compared to 30% and 60% healing with decellularized ECM only and MSC only treatment groups, respectively. Enhanced bone healing was attributed to increase cell retention at the defect site possibly due to the presence of cell binding sites on the MSC-derived matrix.
Studies have also demonstrated that in vitro cell-derived ECM may retain biological factors that contribute to the differentiation of reseeded cells. Thibault et al. created rat MSCderived mineralized ECM by seeding rat bone marrow-derived MSC onto electrospun poly (ε-caprolactone) (PCL) fiber mesh scaffolds. Rat MSC were reseeded on to decellularized MSC-derived mineralized ECM/PCL scaffolds and cultured with or without dexamethasone [82] . Calcium deposition, which is indicative of late stage differentiation of osteoblasts [72] , was found to be similar between ECM/PCL constructs cultured with MSC in the presence and absence of dexamethasone and significantly higher than groups with PCL scaffold alone, suggesting that the sustained osteogenic differentiation of MSC may be due to retention of osteogenic factors secreted during the generation of the ECM construct or the retention of dexamethasone during the generation of PCL/ECM scaffolds, which was absent in PCL only scaffolds [82] . As cell-derived ECM presents a level of biological activity sufficient to sustain the osteogenic differentiation of progenitor cells in the absence of exogenous osteogenic supplementation, this may provide a novel method for the delivery of biologic factors for bone tissue engineering.
To enhance the osteoinductive properties of cell-derived ECM, different groups have incorporated a variety of inorganic materials into decellularized cell-derived ECM scaffolds. It has previously been shown that materials commonly used to produce orthopaedic implants, such as hydroxyapatite, glass-ceramics and titanium have the ability to drive the differentiation of rat bone marrow stromal cells into osteoblasts and induce the formation of mineralized tissue [87] [88] [89] . Datta et al. cultured rat bone marrow-derived MSC onto decellularized rat MSC-derived ECM incorporated with titanium fiber mesh with or without osteogenic supplementation [79] . ALP activity was significantly elevated in cell-ECMtitanium constructs with osteogenic supplementation compared to constructs without osteogenic supplementation, however, calcium content was similar in cell-ECM-titanium constructs with and without osteogenic supplementation compared to groups without ECM after 12 days [79] . In a follow up study looking at gene expression of rat bone marrowderived MSC cultured in decellularized rat MSC-derived ECM with titanium mesh, the presence of ECM and titanium resulted in upregulation of osteogenic markers such as ALP, osteocalcin, osteomodulin, osteopontin and runx2 compared to cells seeded on titanium mesh alone [50] . Instead of titanium, Tour et al. incorporated hydroxyapatite with ECM derived in vitro from either rat calvarial osteoblasts or dermal fibroblasts and implanted decellularized scaffolds into rat calvarial defects [85] . They demonstrated that ECM incorporated with hydroxyapatite induced significantly more new bone formation based on histomorphometric analysis compared to hydroxyapatite alone, even in the absence of progenitor stem cells or growth factors. However, there was a significant increase in inflammatory cells in constructs incorporated with hydroxyapatite, which may be beneficial in bone repair through their ability to recruit mesenchymal stem cells and osteoprogenitor cells to initiate the formation of granulation tissue and callus formation for bone healing [85] . These studies suggest that osteoprogenitor cells cultured in the presence of inorganic material combined with ECM can enhance osteogenic differentiation and bone repair.
Rather than culturing inorganic material with cells to form cell-derived matrices as mentioned in previous examples, decellularized osteogenic cell-derived matrices without inorganic material can be formed separately and transferred onto the surfaces of inorganic materials without losing their osteogenic potential. A recent study demonstrated that decellularized osteogenic cell-derived matrices, created by culturing human bone marrowderived MSC in monolayer on tissue culture plastic, can retain their composition and efficacy to accelerate osteogenesis even after collection and transfer to another plastic tissue culture plate [84] . Human bone marrow-derived MSC were reseeded onto the transferred decellularized ECM and were found to have similar levels of ALP activity after 7 days and Alizarin red staining after 2-3 weeks compared to MSC seeded on non-transferred decellularized ECM. Decaris et al. collected the decellularized cell-derived matrices by scraping the decellularized ECM off plates in the presence of acetic acid, transferring to microcentrifuge tubes and sonicating the ECM to mechanically homogenize the ECM contents. The contents were then pipetted onto standard tissue culture plates and allowed to dry in a sterile biosafety cabinet before reseeding with MSC. In a follow-up study, Decaris et al. removed decellularized ECM as a whole sheet from a culture plate and used it to coat three-dimensional poly(lactide-co-glycolide) scaffolds. They verified that the ECM sheet continues to retain its ability to drive osteogenic differentiation of MSC when cultured in vitro under osteogenic culture conditions and after ectopic implantation into the back of nude mice [90] . Translational applications of this technology may involve coating biomaterials with cell-derived ECM for bone repair or commonly used orthopaedic implants with cell-derived decellularized ECM produced in vitro or cell-derived ECM loaded with progenitor cells to enhance osteoinduction and osseointegration.
Decellularization of bone tissue and in vitro cell-derived extracellular matrix
Of the two types of bone matrix (cortical and trabecular), trabecular bone is commonly used as a decellularized scaffold due to its high porosity and pore interconnectivity [91] , which may enable simpler cell removal and potentially improve cell seeding and infiltration. Decellularization of bone generally involves a combination of chemical and enzymatic treatments, but there is currently no standard method for bone decellularization. VunjakNovakovic and colleagues have published several studies using decellularized trabecular bone matrices as scaffolds. In these studies, trabecular bone is initially washed with a high velocity stream of water to remove marrow from the pore spaces, followed by treatment with ethylenediaminetetraacetic acid (EDTA) for cell dissociation and then treatment with sodium dodecyl sulfate (SDS), a detergent which solubilizes the cell membranes. The tissue then undergoes enzymatic treatments with immersion in RNase and DNase solutions to remove nucleic acid material [35, 68, 75] . Interestingly, osteocytes trapped in the mineralized portion of the bone were also removed as demonstrated on histology [75] . Decellularization with detergents such as SDS and Triton X-100 has also been shown to remove ECM components including glycosaminoglycans in cartilage tissue, which is undesirable. However, this has not been examined in bone tissue [92] [93] [94] . Hashimoto et al. developed a novel method of bone decellularization without the use of detergents. Using a cold isostatic pressurization machine, compact and cancellous bone from porcine femur and costal bones, respectively, were hydrostatically pressurized at 980 MPa at 30°C for 10 minutes followed by DNase treatment [63] . Through hematoxylin and eosin (H&E) staining they demonstrated complete removal of cellular material and a significant decrease in DNA content compared to untreated bone tissue by DNA quantification. Using this method, the collagen network within the bone was preserved [63] .
Unlike bone tissue, the composition of cell-derived bone ECMs engineered by different groups varies depending on the various materials incorporated in their constructs such as hydroxyapatite [85] , titanium [79] or PCL fiber mesh [82] . Tour et al. cultured rat calvarial osteoblasts with hydroxyapatite particles and compared decellularization by 3 freeze-thaw cycles versus treatment with 0.5% Triton X-100 buffer containing 20 mM NH 4 OH in PBS for 3 minutes at 37°C. SEM analysis revealed that Triton X-100 treatment preserved the in vitro generated ECM architecture by maintaining fibrillar networks compared to the freezethaw treatment, which resulted in disorganized matrix with loss of fibrillar structures [85] . Thibault et al. and Datta et al. incorporated PCL and titanium fiber meshes in their cellderived ECM, respectively, and reported success with decellularization by 3 cycles of freeze-thaw treatment only [79, 82] . There is no standard method of decellularizing cellderived bone ECMs, and the method chosen for decellularization appears to be based on the preference and experience of each investigating group. The different techniques of bone tissue and cell-derived bone tissue decellularization are summarized in Table 1 .
Articular cartilage
Articular cartilage lines the surface of diarthroidal joints. It functions to protect the subchondral bone from forces associated with high mechanical loads and creates a lowfriction gliding surface that helps distribute load evenly across the underlying bone [95] . Defects in articular cartilage, either as a result of traumatic injury, degenerative changes or congenital anomalies, result in debilitating joint pain and can severely affect the quality of life of individuals in all age groups [96] [97] [98] . Once damaged, cartilage tissue has a limited capacity to repair itself due to its low cellularity and avascular and aneural properties [10, 99, 100] . Chondral lesions that do not involve the subchondral bone generally do not heal [101, 102] and injuries that penetrate the subchondral bone often result in the formation of fibrocartilage which is biomechanically insufficient compared to hyaline cartilage, resulting in further damage over time [103] [104] [105] . If cartilage lesions are left untreated, they can lead to debilitating joint pain, joint dysfunction and osteoarthritis (OA). Currently there is no single, consistently effective treatment for OA. The common first-line treatment includes nonsurgical management with pharmaceuticals, such as nonsteroidal anti-inflammatory drugs, corticosteroid injections or viscosupplementation injections, along with lifestyle modifications and physical therapy [106] .
Although nonsurgical management methods may temporarily reduce joint pain and inflammation they do not provide permanent relief for some patients [106] . Therefore, surgical treatments have been developed with the goal of restoring the cartilage surface. Current cartilage repair strategies include bone marrow stimulation (microfracture), osteochondral autograft transfer system (OATS) or mosaicplasty, and autologous chondrocyte transplantation (ACT) [96, 107, 108] . Bone marrow stimulation is frequently used for treating small symptomatic articular cartilage lesions and involves penetrating the subchondral plate in order to release MSC and blood from the bone marrow to fill the cartilage defect. However, this repair can result in the formation of fibrocartilage [109] . OATS or mosaicplasty involves the transplantation of multiple small cylindrical autologous osteochondral plugs harvested from low weight-bearing areas of the knee into an area of full-thickness cartilage defects [107] . Although this method can create a smooth surface in the defect, limitations including donor site morbidity, limited availability of graft tissue, graft subsidence at the surface with postoperative weight bearing and the absence of repair within the dead space between cylindrical grafts, affect the quality of repair [96] . ACT is another surgical procedure that involves removing healthy cartilage from low weight bearing regions of the articular cartilage, isolating and expanding the chondrocytes in culture, and then transplanting the chondrocytes into the cartilage defect under a periosteal flap or collagen membrane [108] . Although there can be improvements in joint pain and function, this procedure is associated with donor site morbidity and variable patient outcomes and histology of repair tissue after one year has revealed a mix of hyaline-like and fibrocartilage tissue [110, 111] . Due to the frequent lack of hyaline cartilage repair in these surgical managements, there is a continued interest in tissue engineering to develop strategies for the repair or regeneration of new cartilage with similar biomechanical properties and biological composition and organization as native articular cartilage.
General ECM of cartilage
The ECM of cartilage is made up of a complex mixture of structural and bioactive molecules secreted by resident chondrocytes that help regulate cell adhesion, survival, proliferation and differentiation. Cartilage tissue is rich in ECM and water, with water making up 70-85% of whole cartilage tissue weight. The ECM of cartilage is composed primarily of proteoglycans, specifically aggrecan, and collagen, which make up approximately 30% and 60-70% of the dry weight of articular cartilage, respectively [95] . Collagen type II accounts for approximately 95% of total collagen in articular cartilage while the other 5% is made up of collagens type V, VI, IX and XI, which are involved in the intermolecular interactions and the modulation of collagen type II [112] . Intermolecular cross-links that form between collagen type II molecules create collagen fibrils which join with other collagen fibrils to form collagen fibers. The intramolecular bonds that form within collagen fibers create a stiff tropocollagen molecule to create a strong collagen lattice, lending cartilage its tensile properties [113] . Interlaced throughout the collagen lattice are proteoglycans. Proteoglycans are made up of a protein core bound to multiple chains of glycosaminoglycans (GAG), such as chondroitin sulfate or keratan sulfate, which have a strong negative charge. Proteoglycans can further bind or aggregate to a backbone of hyaluronic acid forming larger macromolecules. The strong negative charge of the proteoglycans attracts cations which results in water being pulled into and trapped within the matrix due to osmosis. This, combined with the repulsive forces present due to the close proximity of negatively charged GAG aggregates within the collagen network, creates a swelling pressure that provides cartilage with the ability to withstand compressive forces [113, 114] .
Tissue-derived decellularized cartilage ECM
Decellularized ECM derived from cartilage tissue has been used to create 3D scaffolds for tissue engineering of articular cartilage [99] , menisci [115] , tracheal cartilage [116] , facet joint cartilage [117] and the temporomandibular joint disc (TMJ) [118] . Decellularized cartilage matrix has demonstrated potential as a scaffold for tissue engineering of menisci [115, 119] and trachea [116, 120] . As described previously, cartilage tissue has a dense ECM, which makes it difficult for cell infiltration into decellularized cartilage tissue. Results from various studies suggest that the thickness of decellularized cartilage tissue can affect cell infiltration. For the development of tissue engineered menisci, Stapleton et al. cultured human dermal fibroblasts and porcine medial meniscal cells at a high seeding density on to 2-3 mm thick decellularized meniscal tissue. As observed via scanning electron microscopy (SEM), the cells formed a monolayer-like structure across the surface of the acellular porcine meniscus with no infiltration into the tissue scaffold [119] . Similar findings of low cell infiltration were seen in repopulation of decellularized porcine trachea cartilage with newborn porcine auricular chondrocytes [116] . For articular cartilage tissue engineering, Peretti et al. used 1 mm thick slices of decellularized ovine donor cartilage cultured with ovine chondrocytes [121] . Three pieces of the chondrocyte-seeded decellularized cartilage sheets were glued together with fibrin glue and implanted into the subcutaneous tissue of nude mice for 42 days. At 28 days, under histological evaluation the fibrin glue was replaced by new cartilage tissue and by 42 days, there was growth of the donor chondrocytes along the exposed cartilage surfaces, but not within the construct. To address this problem, Gong et al. showed that infiltration of decellularized cartilage tissue can be improved by using thinner cartilage tissue. Gong's group developed a "sandwich model", in which adult porcine auricular cartilage cut into 6 mm-diameter cylinders were frozen and sectioned into 10 μm and 30 μm thick sheets [99] . Twenty of these sheets were stacked with 5 μl of chondrocyte suspension (100 × 10 6 cells/ml), isolated from newborn porcine auricular cartilage, between each sheet and cultured for 16 weeks in vitro or 4 weeks in vitro with an additional 4 or 12 weeks of subcutaneous implantation in nude mice. The 10 μm thick sheets had superior cartilage formation compared to 30 μm thick sheets after implantation in vivo. This may be attributed to the formation of thicker constructs when using 30 μm thick sheets, which can impede the diffusion of nutrients through the construct. Histological analysis of in vivo constructs demonstrated formation of cartilage tissue with an abundance of newly formed matrix. The wet weight of their cartilage constructs that were implanted in vivo was significantly higher than constructs cultured in vitro ( Figure 2B ). Safranin O and Toluidine blue staining demonstrated the presence of proteoglycan, and IHC demonstrated the presence of type II collagen ( Figure 2A) . As determined by loading in confined compression, the compressive Young's modulus of the cell sheets was about 87% of that of normal pig ear cartilage after 12 weeks implantation ( Figure 2C ). After 7 days in culture, SEM of the constructs showed a uniform distribution of cells in both the 10 and 30 μm thick sheets, which may be attributed to the thin nature of the sheets with cells seeded between each layer, allowing cells to infiltrate from both the top and bottom of each sheet within each construct.
In addition to using cartilage sheets, cartilage particles can also be used in cartilage tissue engineering [10, 104, 122, 123] . Peretti et al., while using non-decellularized ovine articular cartilage chips, created constructs made from fibrin glue, ovine articular chondrocytes and allogeneic cartilage chips. These constructs, along with control samples made from either fibrin glue alone or fibrin glue with chondrocytes and/or cartilage chips, were implanted subcutaneously into nude mice for 6, 9, or 12 weeks [104] . Histology demonstrated that constructs containing fibrin glue, chondrocytes and cartilage chips produced new cartilagelike matrix between the cartilage chips, while fibrin glue with cartilage chips produced fibrous tissue. Control samples containing fibrin glue and chondrocytes also produced cartilaginous matrix but had substantial loss of mass after in vivo culture for 12 weeks. With gross mechanical probing using forceps, constructs containing fibrin glue and chondrocytes with or without cartilage chips demonstrated greater stiffness than control groups (fibrin glue alone or fibrin glue with cartilage chips). In later studies, decellularized cartilage particles were incorporated into tissue engineered cartilage constructs [10] . Using acellular human articular cartilage particles with diameters ranging from 500 nm to 5 μm, Yang et al. created 3D porous acellular scaffolds by crosslinking the ECM particles and assessed the growth of chondrogenically-induced canine bone marrow-derived MSC in the scaffolds both in vitro and in vivo [10] . The decellularized ECM particles were frozen and lyophilized prior to cross-linking with dehydrothermal treatment and carbodiimide solution, which forms collagen-collagen and collagen-aggrecan cross-links. SEM of the constructs revealed adhesion of MSC displaying chondrocyte-like morphology adhering to the surrounding matrix. To identify transplanted cells, chondrogenically-induced canine bone marrowderived MSC were labeled with PKH26, a fluorescent membrane dye. Histologic sections of in vivo samples exhibited PKH26 labeled cells surrounded by positive type II collagen stained matrix, suggesting that the implanted bone marrow-derived MSC were the source of collagen matrix. The ECM of cartilage can also bind to and sequester growth factors such as TGF-β1, IGF-1 and BMP-2, that are released by resident chondrocytes and continue to remain in the ECM even after decellularization [125] . The presence of growth factors in decellularized cartilage particles could play a role in the preservation or promotion of a chondrogenic phenotype.
In vitro cell-derived decellularized cartilage ECM
Although native tissue-derived cartilage ECM may serve as a scaffold material for cartilage engineering, there are challenges with using allogenic or xenogeneic tissues as previously mentioned, including the risk of pathogen transfer and induction of adverse host immune response. Similar to decellularized in vitro cell-derived bone matrix, there is an interest in developing decellularized cartilage ECM derived from cultured cells. Autologous ECM scaffolds can be engineered by isolating and expanding a patient's own cells ex vivo, thus preventing host immune reactions.
Various methods have been developed to engineer in vitro cell-derived ECM. The majority of them involve using a polymer, such as collagen [126] , poly(lactic-co-glycolic acid) (PLGA) [127, 128] , or alginate [86, 129] , as a template. Depending on the formulation, the polymer may either remain in the scaffold or can be degraded, leaving behind only the celldeposited ECM. Lu et al. created cell-ECM-PLGA complexes, using PLGA as a template for the matrix architecture [128] . Human bone marrow-derived MSC were seeded onto both sides of a PLGA knitted mesh disc and cultured for 5 days. The constructs were decellularized by various methods before PLGA was removed by incubating with 0.5M Na 3 PO 4 aqueous solution at 37° C for 48 hours. The remaining ECM was freeze dried before seeding with human bone marrow-derived MSC. Culturing cells in 2 or 3D cultures without the use of polymer has also been successful in forming ECM for cartilage engineering [130] [131] [132] .
Different cell types have been studied as a source for ECM, including chondrocytes [86, 126, 130, 131, 133] , MSC [127, 128, 130, 134] and fibroblasts [127, 130] . Hoshiba et al. compared decellularized ECM derived from cultured human articular chondrocytes, human MSC or human dermal fibroblasts and compared their effects on the adhesion, proliferation and differentiation of human articular chondrocytes [130] . When human articular chondrocytes were cultured on decellularized ECM derived from chondrocytes, MSC or fibroblasts, there was a significant increase in chondrocyte adhesion in chondrocyte-derived ECM compared to that from MSC or fibroblasts, while proliferation was suppressed in the chondrocyte-derived ECM compared to MSC or fibroblast-derived ECM. ECM obtained from the same cell source as the reseeded cells may be a more favorable microenvironment for cell adhesion as different cell populations can synthesize ECM containing distinctive molecules that have various effects on cell behavior. Kwon et al. showed that human MSC grown in decellularized rat calvaria osteoblast-derived ECM behaved differently compared to when they were grown in rabbit articular chondrocyte-derived ECM in the presence of BMP-2 (100 ng/ml) [132] . MSC in osteoblast-derived ECM were driven towards an osteogenic lineage with increased collagen type I production and positive von Kossa staining, which stains for calcium deposition. Additionally, there was a significant increase in expression of the osteogenic markers Runx2 and Osteocalcin. Human MSC cultured in decellularized chondrocyte-derived ECM were driven towards a chondrogenic phenotype with increased collagen type II production and positive Alcian blue staining, which stains for GAG. There was also significantly increased expression of the chondrogenic markers Sox9 and Aggrecan. This suggests that cell-specific ECMs can provide microenvironments with unique signals that can modulate MSC behavior and differentiation. Interestingly, Kwon's group also looked at human MSC seeded on 2D plates coated with either fibronectin, collagen type I or collagen type II in the presence of 100ng/ml of BMP-2 and found that the gene expression of osteogenic markers was significantly lower in these MSC compared to MSC grown in the cell-derived ECM, suggesting that the differentiation effect of ECM may involve a complex interaction and organization of ECM molecules with MSC. Furthermore, culture in the 3D environment provided by cell-derived ECM may also contribute to MSC chondrogenesis compared to the 2D plates.
Three-dimensional pellet culture has been a standard method for driving MSC chondrogenesis. Pellet cultures provide an environment that allows for cell-cell interactions similar to pre-cartilage condensation during embryonic development [135] . When comparing MSC cultured in pellets to MSC cultured in MSC-derived or chondrocytederived decellularized matrix with chondrogenic induction media, cells grown in decellularized matrix produced significantly more GAG, collagen type II and aggrecan [127] . Furthermore, when human MSC were grown in collagen type I hydrogel microspheres or chondrocyte-derived decellularized ECM in the absence of chondrogenic medium, the latter group showed more positive immunohistochemical staining for Sox9 and Alcian blue-staining around newly proliferated cell clusters [126] . This suggests that MSC seeded in an acellular matrix can differentiate towards a chondrogenic lineage in the absence of chondrogenic differentiation medium.
Decellularization of cartilage tissue and in vitro cell derived extracellular matrix
The dense, compact ECM of cartilage can complicate the process of decellularization due to inefficient penetration of decellularization solutions and can act as a barrier for cells to repopulate the matrix. As a result, the process of decellularization of cartilage tissue is much more difficult than that of vascularized tissue, where the vascular system can be exploited for infusion of decellularization solutions [9, 136] . Currently, there is no standard method of decellularizing cartilage. Various methods have been cited in the literature, including physical and chemical treatments. Physical decellularization treatments include freeze-thaw cycles and pulverization of cartilage tissue to increase surface area for chemical treatments [10] . Chemical treatments include hypotonic buffers or detergents, such as SDS or Triton X-100 [136] . Freeze-thaw cycling causes cryoinjuries to cells by extracellular and intracellular ice formation and dehydration [137] . Hypotonic buffer aids in cell lysis and detergent helps to solubilize the cell membrane by disturbing lipid-lipid and lipid-protein interactions while leaving protein-protein interactions intact [138] . SDS is an ionic detergent that is generally effective in solubilizing both nuclear and cytoplasmic cellular membranes while Triton X-100 is a non-ionic surfactant commonly used in tissue decellularization due to its relatively mild effects on tissue structure [139, 140] . Both SDS and Triton X-100 have been cited in the literature to effectively remove immunogenic cellular material but they both appear to change the biological activity and mechanical integrity of the tissue ECM [141] .
Multiple techniques have been explored for the decellularization of articular cartilage [99, 117, 121] , meniscus [115, 142, 143] and tracheal cartilage [92, 144, 145] . Peretti et al. provided the initial concept of decellularized cartilage when they demonstrated removal of resident chondrocytes by preparing 1mm × 3mm × 5mm slices of ovine articular cartilage and exposing them to 5 cycles of freeze/thawing [121] . In addition to freeze/thawing, Gong et al. incorporated SDS in the decellularization process of frozen sections of 10 μm and 30 μm thick cartilage pieces from porcine ears. The cartilage sheets showed no positive cell nuclei with DAPI staining and empty lacunar structures on SEM [99] . SDS has been shown to be successful in decellularization of cartilage tissues, although the duration of exposure can alter the mechanical properties of the ECM. Elder et al. compared the mechanical properties of articular cartilage isolated from distal femurs of calves after 2, 4 or 8 hours of treatment with 2% SDS. They found that with increased exposure time, there was a decrease in thickness of the decellularized tissue and loss of GAG staining after 4 and 8 hours. With longer exposure to SDS, there was elimination of all nuclei by 4 hours based on H&E staining and a significant decrease in DNA content at 8 hours. Collagen staining with Picrosirius red stain and total collagen content measurements showed no change at all time points compared to untreated cartilage tissue. In terms of mechanical properties, there were no significant differences in Poisson's ratio among the groups at any time point. As determined by creep indentation testing, the aggregate compressive modulus, which was similar to untreated controls after 2 hours of SDS treatment, was significantly reduced after 4 and 8 hours [117] . The decrease in aggregate modulus correlated with the biochemical findings, which showed an accompanying decrease in GAG content. When the same constructs were tested under tensile loading, the tensile Young's modulus after 2, 4 and 8 hours of 2% SDS treatment remained similar compared to untreated constructs [117] . This study suggested that increased incubation time with SDS improved the removal of cell components at the cost of lost ECM proteins that can be associated with changes in mechanical properties. Similarly, for menisci, Stapleton et al. adapted a decellularization protocol that was initially used in producing acellular cardiac valves [146] . Ovine menisci were treated with 3 freeze/thaw cycles, incubated in hypotonic tris buffers to lyse the cells, treated with 0.1% SDS with protease inhibitors and 0.1% EDTA, rinsed in buffer containing RNase and DNase, and then extensively washed with hypertonic buffer and PBS to remove cellular remnants. Using this method, H&E staining showed absence of cells and retention of collagen types I, II and III by IHC. However, there was a significant loss of GAG following treatment based on Alcian blue staining, as also observed in the study by Elder et al. Tensile testing showed no significant difference between untreated menisci and decellularized meniscal tissue, but compressive properties were not evaluated [115] .
When comparing SDS and Triton X-100 for decellularization of TMJ discs, Lumpkins et al. showed that both detergents preserved the general morphology of the discs as well as collagen fiber orientation, although the fibers appeared to be compressed into larger bundles not evident in untreated TMJ discs [118] . Since TMJ discs undergo cyclic compressive loading during chewing, TMJ discs decellularized by SDS or Triton X-100 were loaded with 15 compression cycles, with a compressive strain of 10% and four different loading frequencies (0.1, 0.5, 1 and 1.5 Hz). Under cyclic compressive loading, the compressive moduli values at each of the 4 loading frequencies were similar between native tissue and SDS treated tissue. On the other hand, the tangent moduli of Triton X-100 treated tissues were significantly lower than that of native tissue. Based on mechanical test findings, this study suggests SDS may be more suitable for decellularization of TMJ discs due to conservation of mechanical properties compared to native tissues; however, GAG and collagen content were not evaluated.
Similar methods of decellularization of cartilage tissue have also been applied to in vitro cell-derived cartilage matrices [128, 130, 133, 134, 141] . Elder et al. created constructs using chondrocytes grown in agarose scaffolds and compared five decellularization treatments (1% SDS, 2% SDS, 2% tributyl phosphate (TnBP), 2% Triton X-100 and a combination of hypotonic/hypertonic solutions) for different durations and assessed cellularity and biochemical and biomechanical properties [141] . Treatment with 2% SDS for 1-2 hours was most effective in removing cellular content and preserving ECM components. DNA content decreased by 33% with similar GAG content compared to undecellularized control groups based on quantitative assays. Preservation of collagen content was observed with Picrosirius red staining. In terms of mechanical properties, in vitro cell-derived cartilage matrices treated with 2% SDS for 1-2 hours displayed similar aggregate compressive modulus values under creep indentation testing and increased tensile Young's modulus relative to control undecellularized matrices. Increasing incubation time in 2% SDS treatment to 8 hours resulted in a 46% decrease in DNA content but caused a significant loss of GAG content and reduction in aggregate and tensile Young's modulus [141] .
Enzymatic decellularization of native cartilage tissue has not been presented in the literature, however, it has been used for decellularization of in vitro cell-derived ECM [130] . Hoshiba et al. created cell-derived ECM from human dermal fibroblasts, articular chondrocytes and MSC and treated the engineered cartilage by either enzymatic decellularization (0.025% trypsin and 0.002% EDTA in phosphate-buffered saline) or chemical decellularization (hypotonic solution containing 0.1% Triton X-100). Both methods were successful in removing cellular components from the cell-derived ECM. However, when evaluating human articular chondrocyte adhesion to the decellularized ECM, it was found that there was a greater percentage of adherent cells on ECM decellularized by the chemical method compared to the enzymatic method [130] . Further studies would need to evaluate the effects of different decellularization methods on ECM components and organization that would result in differences in cell adhesion. The different techniques of cartilage tissue and cellderived cartilage tissue decellularization are summarized in Table 2 .
Skeletal muscle
Skeletal muscle makes up 38% and 42% of the average female and male body mass, respectively [147] , and allows for movements, posturing and support. Skeletal muscles are connected to bones by tendons, which transmit forces created during muscle contraction to the skeletal structure, allowing for movement. Any impairment in muscle function can be debilitating and severely affect one's quality of life. Muscle injury can be the result of trauma such as lacerations, ruptures or contusions, muscle disease such as the various forms of muscular dystrophy, ischemia, exposure to myotoxic agents, or exercise-induced muscle damage. Unlike cartilage tissue, however, skeletal muscle has a remarkable ability to regenerate and heal after an injury.
Skeletal muscle regeneration is a highly synchronized process that requires coordination between the degeneration and regeneration processes. The degeneration process occurs immediately after the injury when there is an influx of inflammatory cells in response to biologically active molecules that are released either by necrotic myofibers or nearby inflammatory cells [148] . Initially, neutrophils enter the site of injury within 1-6 hours followed by macrophages about 48 hours after injury [148] . These cells are necessary for the removal of cellular debris and damaged myofilaments that result from muscle injury. Macrophages also play a role in activating the myogenic cells necessary for muscle regeneration [149] . During the regeneration phase, there is proliferation and differentiation of myogenic cells followed by fusion of these cells to damaged muscle fibers for repair or to each other to form new myofibers [150] . There are several other factors that contribute to the repair process, such as satellite cells, stem cells and trophic factors, as well as the ECM, which plays a significant role in the reconstruction of myofibers [151] . One of the main reasons for skeletal muscle's ability to regenerate is the presence of satellite cells, which are undifferentiated mononuclear myogenic cells that are normally quiescent and arrested at an early stage of the myogenic program. They are located at the periphery of mature skeletal myofibers within the basal lamina that sits between the plasma membrane of the muscle fiber and the basement membrane [152] . Following muscle injury, satellite cells are activated to proliferate and differentiate into myoblasts and fuse to form myofibers. These cells are present in all skeletal muscles; however the number of satellite cells differs among different muscles. It has also been found that the number of satellite cells decreases with age perhaps due to restricted self-renewal capacity [153] . This may contribute to the poor healing capacity seen in the elderly population.
Although skeletal muscles have a robust regenerative capacity, there are instances when skeletal muscle regeneration is challenging, such as injuries involving large volumetric muscle loss. Such extensive muscle loss is commonly seen in military personnel who are wounded in combat secondary to gunshots and blasts injuries [154] or with aggressive tumor ablations or functional damage due to myopathies [155] . Self regeneration is limited in these cases because the remaining myofibers are unable to bridge the gap created by the injury. Any attempt in regeneration results in scar tissue formation in the area of injury or the muscle remodels such that the area of injury becomes permanently devoid of tissue [156, 157] . When evaluating muscle healing capacity in rats, Merritt et al. created 0.5 cm × 1 cm or 1 cm × 1 cm full thickness defects in the rat gastrocnemius and found that smaller defects healed by 14 days while the larger defects exhibited no functional recovery after 28 days [157] . Similarly, Terada et al. looked at muscle regeneration in rats in which the ends of lacerated muscle fibers were kept either 1 mm or 4 mm apart using silicone tubes [156] . It was found that muscle fibers were able to bridge the 1 mm gaps with well-aligned collagen fibers. On the other hand, muscle fibers were unable to bridge 4 mm gaps, and instead the muscle ends were covered with randomly aligned collagen fibers [156] .
Clinically, restoration of large volumetric muscle loss involves transfer of autologous muscle tissue or muscle flaps from local or distant sites to the area of injury [155, 158] . Functional free muscle transplantations have been reported in the forearm [159] and elbow [160] , however they have not been successfully applied to weight-bearing muscles of the lower extremities. These procedures are associated with donor site morbidity resulting in functional loss and volume deficiency at the donor site. Therefore, the ability to engineer skeletal muscle tissue may be a potential solution for replacement of damaged and large volumetric muscle loss and prevent the morbidity associated with autologous tissue transfer. Nevertheless, there are challenges associated with skeletal tissue engineering, such as creating or maintaining the complex hierarchical 3D organization of muscle fibrils and the surrounding ECM. To support muscle tissue growth and function, engineered skeletal tissue needs to be vascularized, innervated and form tendinous connections with bone allowing for mechanical musculoskeletal interaction.
General ECM of skeletal muscle
Skeletal muscle is a highly organized and complex tissue. It is not only rich in contractile elements and connective tissue but is also highly vascularized and innervated to provide essential nutrients for muscle cell growth and contractile functions, respectively. The basic units of skeletal muscle are the muscle fibers, which are individual contractile units allowing for muscle contraction. Muscle fibers are formed from the fusion of multiple mononucleated myocytes to each other creating a multinucleated syncytium. Multiple muscle fibers are then closely packed together in an extracellular 3D matrix, forming an organized tissue with high cell density and cellular orientation called a muscle fascicle which allows for longitudinal contraction [155] . A collection of muscle fascicles ultimately makes up the muscle body.
The ECM of skeletal muscle is organized in a hierarchical fashion in which the endomysium surrounds each muscle fiber, the perimysium surrounds each muscle fascicle, and the epimysium surrounds the entire muscle body [161] . The major structural protein in skeletal muscle ECM is collagen, which accounts for 1-10% of muscle mass dry weight [162, 163] . Various types of collagen are expressed during skeletal muscle development, including collagen types I, III, IV, V, VI, XI, XII, XIV, XV and XVIII [164] [165] [166] [167] . However, collagen types I and III predominate in the adult epi-, peri-and endomysium [168] . Like other ECM of mesenchymal tissues, proteoglycans are also present in the ECM of skeletal muscle. Many of the proteoglycans in skeletal muscle ECM belong to the family of small leucinerich proteoglycans (SLRPs), which include decorin, biglycan, fibromodulin and lumican. The majority of these proteoglycans have chondroitin sulfate and dermatan sulfate GAG chains. About 30% of the proteoglycans found in skeletal muscle ECM have heparan sulfate GAG, which are known to bind growth factors [169] .
The ECM of skeletal muscle may play an intricate role in muscle development and regeneration. Skeletal muscle ECM is involved in the regulation of growth factors during regeneration by acting as a reservoir for them. Molecular studies have shown that certain growth factors bind to negatively charged GAGs, particularly heparan sulfate in the ECM. For instance, TGF-β1 and -β2 have been shown to bind to the heparan sulfate GAG chains on decorin proteoglycans [170] , and fibroblastic growth factor (FGF) -1,-2 and -5 binds to the heparan sulfate GAG chains on various proteoglycans [171] . Enzymes in the ECM, such as matrix metalloproteinases, collagenase and stromelysin, can cleave growth factorassociated GAG molecules, allowing the release of growth factors necessary for cell signaling [172, 173] . The remodeling of ECM during regeneration can release trophic factors that can aid in healing. Furthermore, ECM may also participate in cell migration, particularly, the migration of satellite cells to site of injury. Cell migration involves a complex interaction between cells and the matrix through binding various integrins in the ECM. Once at the site of injury, the ECM directs cells to their proper alignment allowing for transmission of forces.
In addition to the repair of muscle fibers during skeletal muscle injuries, the repairs of peripheral nerves are also crucial. Studies have suggested that the interaction between Schwann cells and the ECM are essential for nerve growth [174] . In a wound chamber study by Liu et al., silicone tubes were sutured to the ends of transected rat sciatic nerves and the contents of the tubes were removed at interval times and assessed [174] . The chamber was initially filled with fluid similar to serum, followed by the migration of Schwann cells, endothelial cells and fibroblasts into the chamber mediated by cell-fibrin interactions. After one week, the fibrin matrix was replaced by collagen matrix prior to Schwann cell myelination and nerve fascicle formation [174] . The order of events leading to nerve fascicle formation suggests that there may be a possible role for ECM in the reinnervation of injured skeletal muscle.
Tissue-derived decellularized skeletal muscle ECM
Although there is a vast amount of work on decellularization of cardiac [175] [176] [177] and smooth muscles [178] [179] [180] [181] and their use as biologic scaffolds for reconstruction of their respective tissues, studies on decellularized skeletal muscle have only recently begun to emerge. Besides studying the decellularization of skeletal muscle for repair of tissue involved in locomotion and movements, there is also a growing interest in engineering skeletal muscle of the abdominal wall for repair of congenital defects, such as omphalocele and gastroschisis [182] [183] [184] . Unlike cardiac and smooth muscles, skeletal muscles are larger in diameter, which is essential to generate strong forces for mechanical functions. With a larger diameter, there is a need for more extensive vascular and neural supply making it a challenging tissue to engineer [185] . The use of acellular skeletal muscle ECM as scaffolds for tissue engineering has been shown to be promising. As mentioned previously, skeletal muscle tissue relies heavily upon ECM for organization, structural support and mechanical function. Additional roles for ECM include myoblast proliferation and differentiation. Stern et al. showed that culture plates coated with ECM derived from skeletal muscle increased proliferation of C2C12 cells (a mouse myoblast cell line) as well as rat and human muscle progenitor cells (MPC) or satellite cells compared to rat tail collagen type I coated surfaces and uncoated tissue culture plastic [186] . Furthermore, C2C12 cells cultured on surfaces coated with skeletal muscle ECM extracts differentiated faster and produced more mature myotubes in comparison to cells cultured on the uncoated surfaces [186] .
These results suggest that skeletal muscle ECM creates an environment that is myogenic for progenitor cells. Similar findings have also been demonstrated in in vivo studies [157, 187] . Perniconi et al. replaced normal tibialis anterior (TA) muscle in mice with acellular ECM scaffolds derived from mouse TA and found that at two weeks post-implantation there was infiltration of both inflammatory cells and cells with positive markers for muscle interstitial stem cells. These are similar cell populations to those seen during skeletal muscle degeneration and regeneration [187] . As implanted ECM remodels, it releases stored biologic factors that attract myogenic progenitor cells and stimulate their proliferation and differentiation [186, 188, 189] . Similarly, to enhance recovery of gastrocnemius defects in rats, Merritt et al. implanted decellularized rat gastrocnemius muscle ECM into 1 cm × 1 cm defects and after 42 days found that there were significantly higher numbers of desminpositive myofibers and vWF-positive endothelial cells within the ECM graft, suggesting the formation of new myofibers and blood vessels, respectively. However, these were prevalent at the periphery of the scaffolds, while there was no evidence of regenerating fibers or blood vessels within the central region of the ECM [157] . In a follow up study by Merritt et al., acellular rat gastrocnemius muscle ECM scaffolds were similarly implanted into rat gastrocnemius defects and rat bone marrow-derived MSC were injected into multiple locations within the scaffolds seven days after scaffold implantation. With injection of rat bone marrow-derived MSC, the repair tissue after 42 days demonstrated significantly higher isometric force compared to ECM only controls and there was more intense staining for desmin-positive myofibers and vWF-positive endotheial cells [158] . Although the number of myofibers and blood vessels in the central region was significantly lower than that in the proximal or distal regions of the scaffold with the injected MSC group, it was generally higher than the corresponding ECM scaffold only group [158] . The presence of increased myofibers and blood vessels in the proximal and distal ends of the implanted ECM may be due to regeneration of myofibers transected during implantation. In a similar study, Conconi et al. created abdominal wall defects in rats, treated them with either acellular abdominal muscle ECM only or acellular abdominal muscle ECM pre-incubated with autologous myoblasts and examined the defects at various time points up to 90 days after implantation [184] . The defects treated with acellular ECM alone were completely replaced by fibrous tissue with no detection of electrical activity. In contrast, implants containing myoblasts showed well preserved myoblasts with integration into the host tissue as well as an increased number of blood vessels and myoblasts within the implants at 30 days post surgery. Interestingly, electrical activity increased from sporadic motor-unit potentials with short discharges at 12 days after surgery, to single motor-unit potentials ranging from 150-300 μV at 30 days. These continued until 90 days, after which there was general worsening of electromyographic activity with potentials between 25-30 μV [184] .
As tissue engineered skeletal muscle constructs grow, there is an increased demand for nutrients which may not be met due to limited vascular supply, which could explain the worsening of electrical activity potentially indicating cell death overtime [184] . Similarly, the lack of myofibers in the central region of Merritt's cellular construct could also be secondary to the lack of vascular supply in the middle region of the scaffold which would be necessary to support the proliferation of myofibers [157, 158] . The presence of native vascular supply along the proximal and distal ends of the scaffold supports the nutritional demands of myoblasts in these regions allowing for robust growth. Therefore, improving the vascular supply could potentially improve the function of the engineered tissue. Methods to improve vasculature could include the use of angiogenic factors [190] , co-culturing myoblasts or stem cells with endothelial cells [191] , transfecting cells to upregulate expression of genes associated with vascular tissue formation [192] or creating an arteriovenous unit within the scaffold [193] . Overall, use of acellular skeletal muscle ECM as scaffolds is promising but further work is necessary to improve on current methods. Unlike tissue engineering of bone and cartilage, there are currently no published studies on cell-derived skeletal muscle ECM. Future studies could involve co-culturing myoblasts or satellite cells with endothelial cells and neural cells to create a cell-derived skeletal muscle ECM with properties that may promote vascular and neural tissue formation within regenerating functional muscle tissue.
Decellularization of skeletal muscle
Decellularization of skeletal muscle is a relatively new method of creating scaffolds for skeletal muscle engineering. One of the earlier studies that looked at decellularization of skeletal muscle was by Carlson et al., in which they developed a multi step method to prepare acellular muscle. Rat extensor digitorum longus muscles were isolated and treated with both X-radiation and Marcaine and the treated tissue was grafted back into rats for 7-14 days. Afterward the tissues were explanted and subjected sequentially to EDTA, Triton X-100, DNase and sodium deoxycholate to remove cells. Using this method they were able to obtain acellular muscle grafts [194] . Later studies reported decellularization methods that did not require the use of radiation or reimplanting the graft back into the donor. Many of the later attempts to decellularize skeletal muscles have incorporated freeze-thawing methods [195] or detergent and enzymatic treatments, with either SDS, Triton X-100, sodium deoxycholate, trypsin or a combination thereof to remove cellular components [93, 157, 158, 186, 187, 196, 197] . Additional treatments with chloroform showed improvement of lipid extraction from muscle grafts [157, 158, 197] . Qing et al. treated skeletal muscle from rats with different concentrations of SDS for various amounts of time to determine the optimal decellularization conditions and found that tissue treated with 1% SDS for 72 hours at 4°C was the best condition tested, as treatment did not result in significant differences in ultimate tensile strength or hydroxyproline content compared to native tissue [93] . Longer treatment times and higher SDS concentrations led to significant decrease in hydroxyproline content compared to normal tissue [93] . Instead of using detergents, Gillies et al. developed a decellularization method that prevents extensive disruption in the ECM by utilizing latrunculin B to disrupt the actin cytoskeleton, osmotic shock to induce cell lysis, high ionic strength salt solution to depolymerize myosin and DNase I to remove residual DNA [198] . When comparing grafts decellularized with latrunculin B to grafts treated with trypsin and Triton X-100 according a protocol used by Stern et al., [186] it was found that more DNA was removed with a 40% reduction in GAG compared to 75% reduction in GAG using the method established by Stern et al. Collagen content remained relatively similar in the grafts treated with osmotic shock along with actin and myosin depolymerization compared to those treated by the method used by Stern et al. [198] . Like cartilage tissue, there is currently no ideal method to decellularize skeletal muscle. A balance must be achieved to remove as much of the cellular component as possible without compromising the mechanical and biochemical properties of the ECM. The different techniques of skeletal muscle tissue decellularization are summarized in Table 3 .
Tendons and ligaments
Tendons and ligaments are specialized connective tissues that are responsible for transferring tensile forces from skeletal muscle to bone or from bone to bone, respectively, allowing for locomotion, movement and joint stability. For tendons and ligaments to function effectively, they respond to changes in mechanical forces by modifying their cellular metabolic rates as well as structural and mechanical properties [199] [200] [201] . Different tendons and ligaments in the body are subjected to different levels of mechanical loads. In humans, the peak force transmitted through the Achilles tendon while running is 9 kN, which is about 12.5 times the body weight [202, 203] , while flexors of the wrist experience forces between 1 and 6 N during passive movements [204] . Therefore, when engineering tendons or ligaments it is important that the grafts are constructed to withstand the specific forces they will experience in vivo.
Tendons and ligaments exhibit anisotropic mechanical behavior and are relatively compliant under slow loading conditions due to their viscoelastic behavior and their ability to recruit "crimped" collagen fibers [205] . Crimped collagen fibers are unloaded collagen fibers that have a wavy pattern; with increased tensile loads these collagen fibers straighten out and exhibit increased stiffness, allowing tendons and ligaments to withstand higher forces [206] . With increasing tensile loads, collagen fibers exhibit maximal stiffness and are more effective in withstanding large loads [205] . Both of these connective tissues also share similar viscoelastic properties, aiding in the maintenance of joint homeostasis. A property that is specific to ligaments is their role in joint proprioception, which is the ability to perceive the position of the limb in space. This perception is based on the strains experienced by the ligament, invoking neurological feedback signals that activate muscular contraction in response to limb positioning [206] . These properties are important in maintaining joint stability in response to their functional demands.
Traumatic injuries to tendons and ligaments often result in partial or complete tears. Injuries to these tissues can induce abnormal joint motions and alter joint loading patterns, resulting in degenerative joint disease over time [207] . Tendons and ligaments share a similar healing process that follows three phases: inflammatory phase, proliferation phase and remodeling phase [205, 206] . The inflammatory phase involves the migration of inflammatory cells to the site of injury, where necrotic materials are removed by phagocytosis. Chemotactic factors are released by the inflammatory cells, which recruit tendon and ligament fibroblasts for the proliferation phase. Tendon and ligament fibroblasts then synthesize abundant collagen and other ECM components such as proteoglycan and deposit them at the wound site. This results in the production of scar tissue, which forms a dense, cellular, collagenous connective tissue that bridges the torn ends. During the remodeling phase, there is decreased cellularity as well as decreased collagen and GAG synthesis. The scar tissue is remodeled, forming a fibrous tissue.
Clinically, there are two main management strategies for injured tendons and ligaments: either they can be left untreated and allowed to heal naturally or they may require surgical intervention depending on the patient's activity requirements and comorbidities. Surgical procedures typically involve primary repair, use of autografts or allografts, or use of biological grafts such as porcine small intestinal submucosa [12, 14, 208] or acellular dermal matrix grafts [207, 209] . However, whether they heal on their own or are surgically repaired, the biochemical and mechanical properties of the healed tendon or ligament are typically inferior to those of native tissue resulting in potential risks for re-rupture [210, 211] .
General ECM of tendons and ligaments
Since tendons and ligaments share similar mechanical properties, it follows that they would also share similar architecture and ECM components. Both of these connective tissues are characterized by sparse cellularity distributed within an ECM, similar to cartilage tissue. Fibroblasts are the cells that reside within tendons and ligaments. Both tissues have a multiunit hierarchical structure consisting of collagen molecules that come together to form collagen fibrils, fiber bundles, fascicles and tendon or ligament units aligned parallel to the long axis of the tissue [205] . The fibril is the smallest structural unit, made up of collagen molecules that are aligned end-to-end. Collagen fibers are composed of collagen fibrils bound by endotenons, which are thin layers of connective tissue containing vessels, lymphatics and nerves. Fascicles are composed of collagen fibers that are bound by the epitenon [212] .
Tendon ECM consists of collagens, proteoglycans, glycoproteins, water, and tendon cells (tenocytes and tenoblasts). Type I collagen is the most abundant component, making up 60% of the dry mass and 95% of total collagen [213] . The remaining 5% of collagen are types III and V [214] . Type III collagen is typically located in the endotenon and epitenon, but its synthesis is upregulated in degenerative or highly stressed tendons [214, 215] . Type V collagen is intercalated into the type I collagen and regulates fibril growth [216] . Types II, VI, IX, X and XI are found in trace quantities mainly in fibrocartilage of the bone insertion point [217] . Proteoglycan content varies with the site of the tendon and depends on the specific mechanical loading conditions typically experienced at that location [218] . In compressive load-bearing regions, there is a higher content of proteoglycan compared to regions experiencing tensile loads [219, 220] . Similar to cartilage, the proteoglycans hold water and are necessary for resisting compressive loads. Glycoproteins present in tendon ECM include tenascin-C, which interacts with collagen fibrils to provide mechanical stability of the ECM, and fibronectin, which is located on the surface of collagen and plays a role in wound healing [221, 222] . The ECM is also comprised of elastin which makes up about 2% of the dry weight of tendons and drives recovery of the crimped collagen fibers after stretching [223, 224] . Within the tendon ECM, tenocytes are aligned in rows and situated between collagen fiber bundles [205] . They are responsible for synthesizing ECM proteins, organizing the collagen matrix and remodeling the ECM in response to environmental factors.
The extracellular tissue of ligaments is made up of about one-thirds ECM components and two-third water, with the water providing ligaments with their viscoelastic behavior [206] . Similar to tendon ECM, type I collagen is the most abundant collagen in ligament ECM, making up 85% of total collagen and accounting for 75% of the dry weight [206] . Other collagens in ligament include types III, VI, V, XI and XIV. Ligament ECM also includes proteoglycan, elastin, and laminin [206] . Unlike tendons, the composition of ligament's ECM is not as well characterized and is still an area of ongoing research.
Tissue-derived decellularized tendons and ligaments ECM
As shown in tissue engineering of skeletal muscle, re-seeding decellularized scaffolds with cells can improve their mechanical and biochemical properties compared to acellular scaffolds [158, 184] . However, one of the major hurdles to overcome when using acellular scaffolds for tissue engineering is the ability to repopulate decellularized scaffold with cells. Poor recellularization of decellularized tendons and ligaments has been attributed to changes in matrix architecture after decellularization which can inhibit repopulation and remodeling of the graft [225] or residual detergent components that can decrease proliferation [226] . Several studies have indicated that tendon grafts that were decellularized with SDS were more resistant to cellular in-growth compared to other detergents [227, 228] . Harrison et al. compared cellular ingrowths into porcine ACL decellularized with either SDS, TnBP or Triton X-100 and found that SDS-treated grafts had the lowest cell infiltration, followed by Triton X-100-treated grafts, and then TnBP-treated grafts, which exhibited the most central cellular ingrowths [228] . Different approaches have been developed to repopulate scaffolds used in tissue engineering, such as static cultures [229] , pulsatile perfusion [230] , and centrifugal force [231] ; however, the resulting cell distribution is usually not homogenous, and the process may require a large number of cells. Re-seeding grafts in static cultures commonly resulted in clusters of cells on the scaffold surface without central infiltration [232] . Harrison et al. also found that the addition of epidermal growth factor (EGF) to culture medium did not significantly increase fibroblast ingrowths into decellularized porcine ACL [228] . Other biologic factors, such as FGF-2 and IGF-1, have been shown to regulate fibroblast behavior and their benefit in stimulating cellular ingrowths will need to be further investigated [233] . Ingram et al. developed a novel use of ultrasonication to stimulate human tenocyte infiltration into acellular porcine patellar tendon [234] . Various ultrasonication intensities were tested. At 90 W, there was no change in the scaffold architecture, while at 360 W there was significant gapping between collagen bundles and the surrounding endotenon. With ultrasonication intensities above 360 W, there was visible damage to the collagen bundles, such as large holes within the fascicles with complete removal of the endotenon [234] . Therefore, ultrasonication at 360 W with pulse application time of 1 sec "on" and 1 sec "off" for a total of 1 minute worked best in opening collagen bundles, resulting in a more porous scaffold and allowing for cell infiltration without extensive collagen degradation. After 7 days in culture, live tenocytes were found within the scaffold, but by 21 days in culture tenocytes in the central area of the scaffold were 50% viable [234] . This was attributed to scaffold thickness and limited nutrient supply. In further studies using ultrasonicated 500 μm thick tendon fascicles, cell viability throughout the scaffold was maintained for up to 3 weeks in culture [234] . Acellular ECM of tendons and ligaments has supported growth of tenocytes and fibroblasts [226, 228, 232, 234] , bone marrow-derived MSC [235] , adipose-derived MSC [236] and tendon progenitor cells [237] , all of which can be potential candidates for the tissue engineering of functional tendon or ligament. However, tenocytes have limited proliferative potential and can quickly lose their phenotype in culture [238] and bone marrow-derived MSC have formed ectopic bone in rabbit tendons [239] . In recent years, tendon stem/ progenitor cells (TSCs) have been identified in humans, mice, rabbits and rats [240] [241] [242] . TSCs differ from tenocytes in that they posses clonogencity, self-renewal and multidifferentiation potential [241] . Tendon stem cells are programmed to differentiate into tenocytes and have been found to form tendon-like tissue in vivo [240, 241] . However, TSCs make up only 5% of total tendon cells and when they are expanded on plastic tissue culture plates, they typically lose their stemness after several passages [240] . Zhang et al. demonstrated that tendon matrix from decellularized rabbit patellar tendon tissue was able to stimulate rabbit patellar tendon-derived TSC proliferation and preserve their phenotype in vitro [237] . TSCs grown on tissue culture plates coated with rabbit decellularized tendon ECM had formed large colonies with significant upregulation of stem cell genes (oct-4 and nanog) and tenocyte-related genes (collagen type I, III, and tenomodulin) compared to TSCs cultured on uncoated plastic surfaces [237] . Subcutaneous implantation of acellular rabbit patellar tendon ECM seeded with human patellar tendon-derived TSCs in the backs of nude rats promoted tendon-like tissue formation compared to TSCs alone [237] . Further studies will need to compare the mechanical and biochemical properties of these scaffolds cultured with different cell types.
Another hurdle in tendon and ligament tissue engineering is creating tendon to bone and ligament to bone interfaces. As shown in ACL repair, it is often difficult to obtain sufficient integration and stable fixation between tendon and bone, resulting in postoperative knee laxity and ultimately symptomatic instability [243, 244] . Studies have shown that bone to bone healing typically creates a stronger fixation than tendon to bone healing. Bone to bone healing occurs by endochondral ossification at the healing surface, while tendon to bone healing involves extensive scar tissue formation that remodels over time [245] . The use of acellular tissue derived ECM technology can potentially create constructs analogous to bone-patellar tendon-bone grafts without the associated morbidity. Woods et al. was able to demonstrate effective decellularization of porcine bone-ACL-bone constructs (Figure 3 ) [94] . These constructs can potentially be reseeded with cells and used in ACL repair. Endress et al. created bone-collateral ligament-bone composites grafts from human finger proximal interphalangeal joints as a substitute ligament for scapholunate ligament repair [246] . Complete decellularization of bone and ligament was demonstrated without adversely affecting the scaffold integrity, ultimate load and displacement to failure and stiffness. Furthermore, they were able to reestablish cellularity after reseeding their scaffold with green fluorescent protein labeled cells [246] . Experimentally, they also demonstrated fixation of their composite graft on to cadaver scapholunate joints by creating scaphoid and lunate troughs and inserting bone plugs from the bone-collateral ligament-bone graft into the carpal troughs [246] . This approach can potentially be applied to various ligaments or tendon injuries in the body; however, further in vivo studies are needed to evaluate integration and the ability for the graft to be retained and functional in vivo.
Decellularization of tendons and ligaments
The ideal decellularization method would be one by which cellular components are completely removed and the structural architecture of the natural ECM is preserved. Different studies have compared various methods of decellularization of tendons and ligaments. Although there is no consensus on which method is superior, the use of detergents seems to be preferred among many different studies. Cartmell et al. compared Triton X-100, sodium dodecyl sulfate (SDS) and tri(n-butyl)phosphate (TnBP) in the decellularization of tendon tissue and found that 1% SDS treatment resulted in complete decellularization with preservation of tendon mechanical and structural properties [247] . TnBP, an organic solvent, was successful in removing cellular components, but did not preserve tissue mechanical properties. Triton X-100 failed at removing cells and disrupted collagen structure with increased collagen denaturation [247] . Similarly Hu et al., demonstrated that treatment with Triton X-100 resulted in a 50% decrease in tensile strength and stiffness compared to fresh rat tail tendon [248] . In terms of ligament decellularization, Woods et al. compared decellularization of porcine bone-anterior cruciate ligament-bone constructs using SDS, TnBP and Triton X-100 [94] . Tissue samples were divided into three sections, soft tissue at the tibial end, mid substance and soft tissue at the femoral end, and decellularization of each section was compared. SDS and TnBP were effective in removal of cellular nuclei with removal of about 90-97% of cell nuclei from the soft tissue regions adjacent to the tibial and femoral ends; however, SDS affected both the GAG and collagen content and increased the stiffness of the ligament. Alternatively, Deeken et al. compared decellularization of central tendon in porcine diaphragm using peracetic acid, Triton X-100, SDS and TnBP and found that 1% TnBP was most effective [139] . Although both TnBP and SDS treated tissues lacked cell nuclei, SDS treated tissue contained residual cellular components. The authors suggested that the cellular components could be removed with more vigorous rinse treatments [139] . Similar comparisons have been studied using human flexor tendons by Pridgen et al., finding SDS to be more effective than Triton X-100 and TnBP for removing cellular debris [249] . In all treatment groups there was no reduction in GAG or collagen and no significant difference in elastic modulus and ultimate tensile strength between the different treatment groups and native tissue [249] . Overall, the results of various studies suggest that treatment with SDS appears to be the most effective in removing cellular components from these tissue types. However, there are inconsistent reports of its effect on maintaining collagen architecture after decellularization.
Although various studies have shown effective decellularization with H&E staining or quantification of DNA content of treated tendons, there is no evidence that the decellularization process also eliminates major histocompatibility complexes (MHC), which are immunogenic. The removal of MHC is crucial when using xenografted or allografted tissue. Raghavan et al. determined the immunogenicity of their decellularized human flexor tendon both in vitro and in vivo [250] . Human flexor tendons were treated with EDTA, SDS and peracetic acid and demonstrated effective removal of cells and MHC-1 complexes with IHC. Decellularized tendons were implanted into immunocompetent Wistar Rats for 2 and 4 weeks, and IHC showed increased infiltration of B-cells in control untreated tendons compared to acellular tissue in both 2 and 4 week samples, suggesting that the decellularization method resulted in removal of cellular antigens and decreased immune response in Wistar rats [250] .
Although decellularization can remove immunogenic donor cells from tissues, there are still a small number of cellular components that may induce immunogenic reactions found in xenografts. One such cellular component is the alpha-gal epitope, which is a carbohydrate structure that is absent in humans but present in non-primate mammals, such as porcine and bovine animals [251] . Interaction between human anti-alpha-gal antibodies and alpha-gal epitopes is an important obstacle for using xenografts in humans [252] . This issue can be avoided by treating xenografts with alpha-galactosidase to remove the epitope [26] . Yoshida et al. evaluated the response of human peripheral blood mononuclear cells (PBMCs) to decellularied bovine ACL fascicles compared to untreated ACL fascicles and decellularized ACL fascicles treated with alpha-galactosidase [253] . They found that there was increased migration of PBMCs towards untreated ACL fascicles and increased secretion of IL-6 compared to decellularized ACL fascicles and alpha-galactosidase treated decellularized ACL fascicles [253] . On IHC using anti-alpha-gal antibody, epitopes were present throughout the untreated ACL, but not seen in the decellularized ACL either treated or untreated with alpha-galactosidase. These results suggest that decellularization alone may be enough to remove alpha-gal epitopes and minimize immunogenic reactions of human PBMCS to some xenografts [253] . The different techniques of tendon and ligament tissue decellularization are summarized in Table 4 .
Conclusions and future outlook
Although autografts are the gold standard method for the repair of orthopaedic tissues, they are associated with donor site morbidity and are limited in supply [5] . Allografts and xenografts are potential tissue sources; however, they pose the risk of generating a severe immune response and rejection due to the presence of cellular components and the expression of major histocompatibility complexes [251] . Using the novel technique of decellularization, cellular components that can elicit an immune response can be removed from allografts and xenografts, improving their potential as alternative tissue sources. Decellularized allografts and xenografts can serve as scaffolds for patient-specific cells and composite constructs can be used in surgical repair of damaged tissues. This has been well documented in the treatment of both non orthopaedic applications and bone repair [10, 11] . However, the utilization of this technology with cartilage, skeletal muscle, tendons and ligaments is just beginning.
The use of decellularized tissue is promising for engineering orthopaedic tissues. It may function as a scaffold to support the proliferation of differentiated primary cells as well as the differentiation of progenitor cells. Even in the absence of specific differentiation media progenitor cells are capable of undergoing differentiation towards specific cell lineages based on interactions with a particular ECM as demonstrated in both in vivo and in vitro studies [82] .
ECM has been shown to act as reservoirs for tissue-specific bioactive factors that play a role in cell proliferation, differentiation and maintenance of cell-specific phenotypes [125] . These bioactive factors are present even after decellularization treatments and can interact with reseeded cells [125] . Although only a few growth factors have been identified in decellularized ECM, other bioactive factors are likely present and it would be of interest to identify them in future studies.
Orthopaedic tissues rely on their ECM to provide organization, structural support and mechanical function. The ECM of different musculoskeletal tissues is arranged to support and respond to the mechanical loads they experience. Since acellular ECM maintains most of the natural architecture of its native tissue, the organization of ECM may serve as a guide for cell arrangement within reseeded tissue matrices. This is especially important for skeletal muscles since myofibers need to be arranged parallel to the orientation of muscle contraction in order to generate enough force to power movements. However, one of the hurdles in using acellular ECM scaffolds is maintaining uniform infiltration of cells throughout scaffolds of a clinically relevant size. The use of bioreactors for culturing tissue engineered constructs has shown promise in generating decellularized scaffolds with uniform distributions of cells, as demonstrated in reseeding decellularized bone tissue [68, 76] . Bioreactors can help provide adequate perfusion of nutrients to support the growing tissue allowing the formation of engineered tissue that are of clinically relevant size [75] .
Another hurdle in tissue engineering of musculoskeletal tissues is creating scaffolds to accommodate tissue interfaces, such as osteochondral interfaces [254] , musculotendinous junctions [255] and tendon-bone or ligament-bone connections [94, 246] . The use of decellularized tissue interfaces can provide potential scaffolds as demonstrated with decellularized bone-ACL-bone constructs [94] and bone-collateral ligament-bone constructs [246] . Although cell components are removed at the bone-ligament junction, there is still sufficient integration of the bone and ligament matrix, which can be reseeded with patientspecific osteoblasts or fibroblasts. This matrix is potentially superior to the fibrous repair that forms between bone and tendon during ACL repair surgery.
Decellularized cell-derived matrices offer an attractive potential alternative to native tissuederived ECM. For example, compared to cartilage tissue, cartilage progenitor cells are easily available. Autologous ECM scaffolds can be engineered by isolating and expanding a patient's cells in vitro, thus preventing host immune reactions. Currently, published studies on MSC-derived [81, 82, 127] , osteoblast-derived [85] and chondrocyte-derived ECM [127, 132] have shown promising results for engineering bone and cartilage tissue. Decellularized in vitro cell-derived ECM scaffolds have enhanced the osteogenesis and chondrogenesis of MSC [132] , which can have potential application in bone and cartilage tissue repair, respectively. Integration of inorganic material with cell-derived ECM has also been shown to drive osteogenesis of MSC [79, 85] . Translational applications of this technology may involve coating orthopaedic implants with in vitro derived decellularized ECM with or without progenitor cells in order to enhance integration of implants with native bone. Presently there are no published studies on cell-derived skeletal muscle, tendon or ligament tissues, but these have potential for future exploration.
Tissue decellularization is a novel technique in generating scaffolds for orthopaedic tissue engineering. It allows for the creation of a graft that shares similar structural and mechanical properties with native tissue without the risk of undesirable immunological reactions and without the complications of donor site morbidity. However, before decellularized tissues and cell-derived ECM can be used in clinical settings, protocols for decellularization of the various tissues need to be optimized and standardized. Since allogeneic tissues from different donors may not behave the same due to gender, age, ethnicity and lifestyle habits [60] , additional studies should determine the ideal donor for different tissues. Once decellularized constructs are available for clinical use they will provide orthopaedic surgeons with an additional tool in their arsenal for the repair of musculoskeletal tissue. 
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